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Abstract
In this research, the degradable polymer 4-arm poly (ethylene glycol)-glutaric
acid-dopamine (PEG-GA-DM4) was synthesized. The degradation behavior of
crosslinked PEG-GA-DM4 bioadhesive was studied with mass tracking, oscillatory
rheology, and magnetoelastic (ME) sensors. Changes in mechanical properties were
correlated with both dry mass and wet mass changes during the degradation. The results
indicate that the loss of mechanical property in the bioadhesive can take place without
losing the dry mass. The mass loss profile cannot describe the degradation behavior
completely. In addition to studying the degradation of PEG-GA-DM4, this research also
confirms the application of ME sensors as a means to study the mechanical and
degradation behavior of bioadhesive.
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1 Introduction
Bioadhesives are materials designed to adhere to biological surfaces [1]. Some
bioadhesives attach to surfaces by forming covalent [2] and ionic bonds [1], while
interactions such as hydrogen bonding and van der Waals interactions can also contribute
to the adhesion [1]. Besides chemical interactions, physical effects (e.g., wetting
phenomenon) and mechanical effects (e.g., interpenetration) also promote adhesion to the
surface [3].
Tissue adhesive is one of the applications for bioadhesive. It provides effective
bleeding control and wound closure to the damaged body tissues [4]. Tissue adhesive
materials vary in the market currently. FDA-approved material for tissue adhesive
includes fibrin glue [5], protein-based material [6], poly (ethylene glycol) (PEG) [7] and
cyanoacrylates [8]. Current tissue adhesives adhere to the tissue surfaces due to the
covalent interactions. Compared to sutures, tissue adhesives have better hemostasis and
wound treatment [4]. Tissue adhesive can repair the wounds caused by traumatic
laceration [9]. Tissue adhesives can be designed to be degradable so that the adhesive
will be removed after wound healing [10, 11]. However, the degradation may cause
material failure issues at the application site due to the loss of mechanical strength in the
material [12]. Such issues can cause chronic inflammation in wounds, which delays
wound healing. Thus, a reliable tissue adhesive should maintain enough mechanical
strength during its degradation before the wound heals completely.
Studying the mass and mechanical property changes during degradation helps
researchers to have a better understanding of the bioadhesive’s performance. Current
7

methods in studying these changes include mass tracking, oscillatory rheology, and
magnetoelastic (ME) sensors. However, such studies were usually carried separately.
There is a need to study both mass and mechanical property changes simultaneously
because the mass loss in a material can result in mechanical property changes as well.

Figure 1. (A) Chemical structure of PEG-GA-DM4. (B) PEG-GA-DM4 crosslink
into a network structure under the effect of periodate.
4-arm Poly (ethylene glycol)-glutaric acid-dopamine (PEG-GA-DM4) is a
synthetic degradable polymer (Figure 1A). Poly (ethylene glycol) (PEG) is an FDAapproved biocompatible backbone material for polymers. Glutaric acid connects PEG
with dopamine and contributes to the degradability of the polymer with hydrolyzable
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ester bonds. Dopamine is a mussel-inspired molecule found in mussel foot proteins. It
contains a catechol group, which can promote wet adhesion to both inorganic and organic
surfaces through either reversible or covalent bonds. It is biocompatible, and it has been
modified into many commercial PEG-based sealants [2, 13, 14]. Dopamine can be
oxidized into dopamine quinone with periodate anion [15]. Dopamine quinone can
further chemically crosslink and polymerize into a polymer [16]. PEG-GA-DM4
polymers can crosslink to each other at the terminals with periodate anion due to the
crosslinking of dopamine (Figure 1B) [16, 17]. The crosslinked polymer can form a
hydrogel adhesive which adheres to the tissue due to the covalent interactions between
the dopamine and the functional groups on the tissue surface. [18]
ME sensor is a novel method for tracking various parameters in situ [19]. The
material of an ME sensor includes domains which can align in the same direction when a
magnetic field is applied [20]. The changes in the alignment of the domains cause shape
changes to the sensor. When time-varying magnetic flux is applied, the shape of the
sensor changes back and forth, and the sensor exhibits longitudinal vibrations [21]. The
resonance frequency and amplitude of the vibrations can be picked up with a sensing coil
[19]. The resonance spectrum of the sensor is obtained by subtracting the measured
sensor response to a background spectrum. When a coating exists on the sensor, changes
in sensor vibrations can be utilized in detecting the mass and elasticity of the coating
[21].

9

In this research, PEG-GA-DM4 was synthesized and crosslinked into adhesives.
Mass tracking, oscillatory rheology, and ME sensors were applied to correlate the
changes in mass and mechanical properties during the bulk degradation of the adhesive.
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2 Experiments
2.1 Materials
4-arm poly (ethylene glycol) 10K (PEG-10K) was purchased from JenKem Tech
in China. Glutaric anhydride, N,N-Dimethylformamide (DMF), pyridine (ACS reagent,
>99.0%), triethylamine, deuterium oxide (99.9 atom % D), sodium periodate (NaIO4)
(ACS reagent>99.8%) and Tris hydrochloride were purchased from Sigma-Aldrich in
Missouri. Dopamine hydrochloride (Dopamine HCl) was purchased from ACROS
Organics in New Jersey. 1-Hydroxybenzotriazole hydrate (HOBt) and O-(Benzotriazol-1yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HBTU) were purchased from
CHEM-IMPEX in Illinois. Chloroform and phosphate buffer saline (PBS) were
purchased from Fisher Scientific in Pennsylvania. Metglas 2826MB (Fe40Ni38Mo4B18)
ribbon was purchased from Metglas in South Carolina. Parylene C was purchased from
Specialty Coating Systems in Indiana.

2.2 Synthesizing PEG-GA-DM4
The synthesis of PEG-GA-DM4 followed a previously published protocol with
some modifications [16, 17]. In the first step, 1 mmol of PEG-10K and 20 mmol glutaric
anhydride were dissolved in 40 ml chloroform with stirring and gentle heating (55 ˚C)
under nitrogen gas. When the mixture was fully-dissolved in the flask, 1.6 ml pyridine
was added. The set was refluxed with nitrogen purging at 55 ˚C for overnight. The
mixture was rotary-evaporated for 30 minutes to remove the chloroform and dried in a
vacuum for 2 days. Dialysis of the mixture took place in deionized (DI) water in a step
increasing fashion (5 minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour, 6 hours, 12
11

hours, and 24 hours), the intermediate poly (ethylene glycol)-glutaric acid (PEG-GA4)
was dried and stored in the freezer. Glutaric acids were attached to the terminals of the
PEG due to the ring-opening reaction of the cyclic glutaric anhydride.
In the next step, 0.25 mmol synthesized PEG-GA4 was dissolved in 30 ml
chloroform and 5 ml DMF in a flask. When PEG-GA4 was fully dissolved, 2.36 mmol
Dopamine HCl, 2 mmol HBTU, 1 mmol HOBt and 0.33 ml triethylamine were added.
The mixture was stirred for 1 hour at room temperature. The mixture was rotaryevaporated, vacuum-dried and dialyzed by replicating the same procedures in the first
step. The only modification made to the dialysis was using HCl-acidified DI water (pH
3.0) instead of DI water to prevent dopamine oxidation. PEG-GA-DM4 was dried and
stored in the freezer after the dialysis. In the reactions, HBTU converted the hydroxyl
group in the carboxylic acid of the PEG-GA4 into a leaving group. Dopamine coupled
with PEG-GA4 by forming the amide bond with glutaric acid.

2.3 PEG-GA-DM4 characterization
2.3.1 Determining coupling efficiency with Nuclear Magnetic Resonance
(NMR) spectroscopy
H-1 NMR spectroscopy (Varian 400MHz, Agilent, CA) was utilized to determine
the coupling efficiency between PEG and dopamine. PEG-GA-DM4 was dissolved in
deuterium oxide solvent to make the sample. The sample concentration was 50 mg/ml.
The coupling efficiency was determined by averaging the ratios between the
experimental results and the theoretical values of the peaks.
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2.3.2 Verification of coupling efficiency with Ultraviolet-visible (UV-vis)
spectroscopy
UV-vis spectroscopy (LAMBDA35, PerkinElmer, MA) was utilized to verify the
coupling between PEG and dopamine molecules [22]. A standard curve of Dopamine
HCl was plotted. PEG-GA-DM4 was dissolved in DI water, and samples (n = 5) were
prepared. The concentration and absorbance of the samples were recorded. The
experimental concentration of dopamine is determined by the absorbance results with
Beer-Lambert law. The theoretical dopamine concentration is four times the
concentration of PEG-GA-DM4 because each PEG molecule should couple with four
dopamine molecules. The ratios between the experimental and theoretical dopamine
concentrations were calculated as coupling efficiency.
2.3.3 Hydrogel curing test
The gelation behavior of the polymer in forming the crosslinked hydrogel is
essential for the subsequent spin-coating process [23]. Thus, the curing of PEG-GA-DM4
needs to be studied. In a vial, 300 mg PEG-GA-DM4 was dissolved in 1 ml 2X PBS
solution to create a 300 mg/ml solution A. In another vial, 22 mg NaIO4 was dissolved in
1 ml DI water to create a 0.1 M solution B. In order to initiate the gelation, 20 µl of
solution B was mixed with the same amount of solution A in a glass vial. Three trials
were performed, and the curing time for all the three trials was recorded. The
concentration of the crosslinked hydrogel was 150 mg/ml, and the NaIO4 to dopamine
molar ratio was 1.
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2.4 Tracking mass and mechanical properties changes during
degradation
2.4.1 Preparing hydrogel discs
The hydrogel prepared in the curing test was formed into a hydrogel sheet in a
custom mold made by placing a silicone sheet between two pieces of paralleled glass.
The hydrogel was fully cured into a 1.5 mm-thick sheet after 24 hours. A 10 mmdiameter hole puncher was used to cut out hydrogel discs from the hydrogel sheet. The
discs were 10 mm in diameter and 1.5 mm in height.
2.4.2 Tracking mechanical properties changes with rheometry
2.4.2.1 Oscillatory rheometry
Samples (n = 7) were prepared for the experiment. In each sample, hydrogel discs
(n = 3) were submerged in 10 ml pH 7.4 PBS buffer in a 20 ml glass vial to degrade. All
the samples were incubated at 37 ˚C. The PBS buffer in all the samples were replaced
every week to maintain the pH value at 7.4. A 5 ml pipette was used to gently replace the
solution in the vial with fresh the PBS buffer. A sample was taken out from the incubator,
and all three hydrogel discs were tested by performing amplitude sweeps (0.01-500
strain, ν = 0.1 Hz) on them with the rheometer (HR-2, TA Instruments, DE) once a week.
The discs were tested using 20 mm parallel plates. The gap distance was set at 85% of the
measured thickness of each hydrogel disc. The thickness of the hydrogel discs was
measured with a digital vernier caliper before the test. The storage modulus (G’) and loss
modulus (G”) of each hydrogel disc were measured with rheometry.
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2.4.2.2 Processing Loss Factor (tanδ) with storage and loss modulus results
The loss factor (tanδ) is defined as the ratio between G” and G’, which gives the
proportion of the dissipated energy to the stored energy [24]. The tanδ value of the
hydrogels during degradation was calculated based on the rheometry results with the
following equation [24]:

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝐺𝐺"
𝐺𝐺′

(equation 1)

In this experiment, G’ refers to the storage modulus at 0.1 strain in the linear
elastic region, and G” is the loss modulus at the same strain.
2.4.3 Tracking mass changes
2.4.3.1 Dry mass and wet mass determination
Every time after the oscillatory rheometry test, the tested hydrogel discs were
collected and dried in a vacuum for at least two days. Dry mass of each hydrogel disc was
determined with the analytical balance.
Every time before the oscillatory rheometry test, the wet mass of each pending
hydrogel disc was determined. The excess water on the surfaces of the hydrogel discs
was removed with the Kimwipes®. The wet mass of the discs was measured with the
analytical balance.
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2.4.3.2 Calculate Mc and ve with mass data
Average molecular weight between crosslinks (Mc) of the hydrogel discs was
calculated based on the dry mass and wet mass data. The polymer volume fraction in the
swollen hydrogel (v2m) is determined by the following equation [25]:

𝑣𝑣2𝑚𝑚 =

1
𝜌𝜌𝑝𝑝 [(𝑀𝑀𝑠𝑠 ⁄𝑀𝑀𝑑𝑑 ) − 1] + 1

(equation 2)

where Ms and Md are the mass of the hydrogels in the wetted and dried state, and
ρp is the density of PEG (1.123 g/cm3) [26]. The relationship between v2m and Mc is
demonstrated in the following Flory-Rehner equation [27]:
−[ln(1 − 𝑣𝑣2𝑚𝑚 ) + 𝑣𝑣2𝑚𝑚 + 𝜒𝜒1 𝑣𝑣2𝑚𝑚 2 ]
= (𝑉𝑉1 ⁄𝑣𝑣̅ 𝑀𝑀𝑐𝑐 )(1 − 2𝑀𝑀𝑐𝑐 ⁄𝑀𝑀)�𝑣𝑣2𝑚𝑚 1⁄3
− 𝑣𝑣2𝑚𝑚 ⁄2�

(equation 3)

where M is the starting molecular weight of PEG-GA-DM4 (10992 Da, calculated

based on the chemical structure), V1 is the molar volume of water (18.1 mol/cm3), 𝑣𝑣̅ is the
specific volume of the polymer, and χ1 is the polymer-solvent interaction parameter for
PEG and water (0.462) [28]. The effective crosslinking density (ve) can be calculated
with Mc by applying the following equation [29]:

𝑣𝑣𝑒𝑒 =

𝜌𝜌
𝑀𝑀𝑐𝑐

(equation 4)

where ρ is the density of PEG-GA-DM4. Since the density of PEG-GA-DM4 is
close to the density of PEG, ρ=1.123 g/cm3 is applied [26].
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2.4.3.3 Calculate G with ve
Shear modulus (G) was calculated with ve by applying the following equation
[30]:

𝐺𝐺 = �1 −

2
� 𝑣𝑣 𝑅𝑅𝑅𝑅𝑣𝑣2𝑚𝑚
𝑓𝑓eff 𝑒𝑒

(equation 5)

Where feff is the effective crosslink density, ve is the effective crosslinking density,
R is gas constant, T is the temperature in kelvin, and v2m is the polymer volume fraction.
The feff is 4 in the calculation because each crosslink point consists of up to four PEG
arms.

2.5 Tracking hydrogel degradation with ME sensors
2.5.1 Preparation of hydrogel coated ME sensors
2.5.1.1 Coating hydrogels on ME sensors
2.5.1.1.1 Pretreating bare sensors with Parylene C
Corrosion will take place during the degradation experiment because the ME
sensors are made of Ferro-based materials. Parylene C was deposited to fully cover the
surface of the ME sensors, which prevents the corrosion in aqueous environments [31,
32]. The deposition was carried out in a deposition system (PDS 2010 Labcoter® 2,
Specialty Coating Systems, Inc., IN). The Metglas 2826MB ribbon was mechanically
sheared into 12.7 mm × 5 mm × 30 µm strips for sensor usage. The deposition used 7.25
g Parylene C to achieve 10 µm-thick coatings on the ME sensors by following the
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published protocol [33]. The vacuum deposition process took 4 hours. After the Parylene
C deposition, the ME sensors were rinsed with ethanol and stored in a vacuum.
2.5.1.1.2 Treating Parylene C-coated sensors with polydopamine
The Parylene C-coated ME sensors were further treated with polydopamine
before spin-coating. Dopamine quinone forms 5,6-dihydroxyindole after nucleophilic
reaction [34]. The 5,6-dihydroxyindole can form polydopamine via covalent oxidative
polymerization or physical self-assembly (e.g., π-stacking) [34]. Polydopamine adheres
to Parylene C due to the π-stacking between the aromatic structures in both compounds.
Depositing polydopamine on the coated ME sensor surface helps in enhancing the
attachment of the adhesive to the sensor as the catechol groups in the adhesive can
directly form covalent bonds with polydopamine [18, 35]. The promotion solution was
created by dissolving 100 mg Dopamine HCl in 10 ml 10 mM Tris-HCl buffer. Each side
of the ME sensor was exposed in the promotion solution for 30 minutes. After the
polydopamine deposition, the ME sensors were dried and stored in a vacuum.
2.5.1.1.3 Spin-coating process
Spin-coating was applied to create thin homogeneous PEG-GA-DM4 layers on the
ME sensors [25, 32]. The spin-coating process was carried out on a spin coater (WS-65023B Spin Coater, Laurell Technologies Corporation, PA). Before spin-coating, a
pretreated ME sensor was fixed at the center of a glass slide. The glass slide was held in
the center of the spin-coater by vacuum. Solutions A and B were prepared in the same
way that has been demonstrated in the curing test section. In order to initiate the spin-
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coating, 12 µl ethanol was delivered on the ME sensor to cover the sensor surface
adequately. 6 µl of solution A and 6 µl of solution B were firstly mixed in a glass vial and
then immediately transferred to the surface of the ME sensor. The ME sensor was spun at
1500 RPM for 4 minutes. After the spin-coating process, the coated sensors were
immersed in DI water for 24 hours to remove the salts, and after that, they were dried and
stored in a vacuum.

2.5.1.2 Characterization of hydrogel-coated ME sensors
2.5.1.2.1 Determining the dry mass of coated hydrogels
The dry mass of bare sensors was determined with a scientific scale before the
Parylene C-coating process. The dry mass of the hydrogel-coated sensors was determined
after spin-coating. The dry mass of the coated hydrogels was obtained by calculating the
dry mass changes between the coated and uncoated sensors.
2.5.1.2.2 Determining the existence of PEG-GA-DM4 on sensors with Fouriertransform infrared (FTIR) spectroscopy
FTIR spectroscopy (Perkin Elmer Spectrum One, MA) was utilized to verify the
existence of PEG-GA-DM4 hydrogels on the sensors. Both sensors before and after spincoating were tested.
2.5.1.2.3 Morphology of the sensor under Field emission scanning electron
microscope (FESEM)
The morphology of the hydrogel-coated ME sensor was studied under FESEM
(Hitachi S-4700, Hitachi High Technologies America, Inc., IL). To prepare the sample
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under FESEM, a coated ME sensor was cut in half and coated with platinum plasma. The
cross-section view of the sensor was examined under the microscope.
2.5.2 Tracking hydrogel degradation in situ
The resonance of hydrogel-coated ME sensor strips (n = 7) were tracked by using
a custom ME resonant sensor detector [36]. The detector swept the frequencies from 150
kHz to 170 kHz with 2000 mV DC offset (resolution = 20 Hz) and gave resonance
amplitude results associated with the frequencies as the feedback. The amplitude was
normalized by the counts that a sensor vibrated beyond a preset threshold in a fixed time
span. Each sensor was submerged in pH 7.4 PBS buffer in a 2 ml glass vial individually
to initiate the degradation. All the seven vials were incubated at 37 ˚C throughout the
degradation. Every two days, each vial was inserted into the coil of the detector, and three
frequency sweeps were run under the custom MATLAB codes. The resonance frequency
and amplitude of the sensors were recorded. The tracking of the degradation lasted for 6
weeks.

2.6 Statistical analysis
Statistical analysis was performed using SigmaPlot® software (version: 12.0).
One-way analysis of variance (ANOVA) was performed for comparing means between
multiple groups using a p-value of 0.05.
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3 Results
3.1 Nuclear Magnetic Resonance (NMR) spectroscopy

Figure 2. H-1 NMR spectrum of synthesized PEG-GA-DM4.
The H-1 NMR spectroscopy (Figure 2) indicated a 108% coupling between the
PEG and dopamine molecules. In this case, all the branches of the PEG molecules were
attached with dopamine. The coupling efficiency is greater than 100%, which indicates
that there was excess dopamine in the synthesized polymers. 1H NMR (400 MHz, D2O) δ
3.75-3.37 (m, PEG), 2.17 (t, 2H, -C(=O)-CH2-CH2-CH2-C(=O)-), 2.12 (t, 2H, -C(=O)CH2-CH2-CH2-C(=O)-), 1.65 (t, 2H, -C(=O)-CH2-CH2-CH2-C(=O)-).
21

3.2 Ultraviolet-visible (UV-vis) spectroscopy

Figure 3. (A) Standard curve for dopamine at 280 nm (n = 3). (B) UV-vis spectra
of tested PEG-GA-DM4 samples (n = 5) with different concentrations (0.070 mM,
0.082 mM, 0.109 mM, 0.111 mM and 0.130 mM).
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Figure 3A is a standard curve which shows a linear relationship between
absorbance and dopamine concentration. The dopamine concentration in a sample can be
calculated with the measured absorbance. The standard deviation is not obvious in the
figure because the value was very small. Figure 3B is the UV-vis spectra of tested PEGGA-DM4 samples (n = 5) with different concentrations (0.070 mM, 0.082 mM, 0.109
mM, 0.111 mM and 0.130 mM). With the results shown in Figure 3, the coupling
efficiency was determined as 112%. The coupling efficiency was greater than 100%
because of the light scattering of the dopamine in the standard curve samples. Scattering
takes place when the molecules are smaller than the wavelength of the UV light. The
absorbance can be reduced compared to the theoretical value. The light scattering did not
take place on the PEG-GA-DM4 samples because the molecules were large. Compared
with the NMR results, the 4-arm PEG was fully-coupled with dopamine.
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3.3 Curing test

Figure 4. Cured PEG-GA-DM4 hydrogels during curing test.
A picture of cured hydrogels is shown above (Figure 4). The average curing time
was 30.3 ± 2.08 seconds. Hydrogels which cure around 30 seconds are optimal for
forming an adhesive coating on ME sensors during spin-coating based on our tests on the
spin-coater.
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3.4 Oscillatory rheology

Figure 5. (A) Storage moduli of adhesives degraded over time. (B) Loss moduli of
adhesives degraded over time. Adhesives were tested by performing amplitude
sweeps (0.01-500 strain, ν = 0.1 Hz) on them with the rheometer (HR-2, TA
Instruments, DE) (n = 3).
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G’ (Figure 5A) and G” (Figure 5B) of the adhesives during the degradation are
shown above. G’ measures the stored energy, which indicates the elastic response of the
material [37]. G” measures the energy dissipated as heat, which is a measure of the
viscous response of a material [37]. The linear elastic regions in Figure 5A shows that
the adhesives maintained linear elasticity when the strain increased from 0.01 to 10. The
adhesives yielded as the strain continued increasing. In the linear elastic region, the G’ of
the adhesives were larger than the G”, which means the adhesives are gels rather than
liquids [38]. The G” of the adhesive also decreased during the degradation, but data
analysis showed that the decrease in the G” was not as significant as the decrease in the
G’ (p > 0.05).

Figure 6. Storage modulus (G’) at 0.1 strain (ν = 0.1 Hz) during the degradation
of adhesives (n = 3).
G’ decreased during the degradation (Figure 6). The stiffness of the material
reduces as G’ decreases. The adhesives become more compliant during the degradation.
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G’ of the adhesive was around 6000 Pa at the beginning of the experiment. A published
work prepared hydrogels from the PEG-dopamine based polymer, and reported the G’ of
the hydrogel was around 6000 Pa at the beginning [17]. The G’ of the adhesive in this
experiment matches the value of the published work. Data analysis suggests significant
decreases appeared in the 1st, 4th and 5th week (p < 0.05), which indicates drastic changes
to the polymer network of the adhesives may take place during these time periods.

Figure 7. Loss factor (tanδ) at 0.1 strain (ν = 0.1 Hz) during the degradation of
adhesives (n = 3).
tanδ is a measure of damping in the material. During the degradation, tanδ kept
increasing (Figure 7). Data analysis suggests a significant increase in tanδ took place
every week during the degradation (p < 0.05). tanδ was 8 times greater than its original
value by the end of the 5th week. Increased tanδ indicated that the adhesive exhibited
more properties like a liquid, and it had more damping during the degradation. When the
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adhesive was degrading, swelling took place. The increased water content contributed to
the viscosity in the adhesive.

3.5 Dry mass and wet mass during degradation

Figure 8. (A) Dry mass of the adhesives during degradation (n = 3). (B) Wet
mass of the adhesives during degradation (n = 3).
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Dry mass of the adhesives during degradation is shown above (Figure 8A). Data
analysis suggests a significant 25% decrease in dry mass in the 4th week (p < 0.05), and
the dry mass loss continued. The dry mass loss in the adhesives indicates the loss of PEG
polymers from the crosslinked polymer network. The hydrogels were fully degraded in
the solution by the 6th week. The completed degradation could also be observed.
Collection of mass and rheometry data was stopped in that week.
According to Figure 8B, the wet mass of the hydrogel kept increasing during the
degradation, which means swelling took place throughout the degradation. The wet mass
of the hydrogels was 250% of the original value in the 5th week. This result means more
water molecules occupied the rooms in the crosslinked polymer network. Loss of the
PEG in the polymer network provided vacancies for water.
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3.6 Average molecular weight between crosslinks (Mc) and
effective crosslinking density (ve) during degradation

Figure 9. (A) Calculated average molecular weight between crosslinks (Mc) of the
adhesives during degradation (n = 3). (B) Calculated effective crosslinking
density (ve) of the adhesives during degradation (n = 3).
Mc kept increasing during the degradation (Figure 9A). By the end of 5th week,
Mc was 25% higher than its original value. The molecular weight of the 4-arm polymer is
10992 Da. The molecular weight of each arm is 2748 Da. The Mc of the polymer is about
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4200 Da before the degradation, which is close to the molecular weight of two arms. This
value means there were two polymer arms between every two crosslink points. ve kept
decreasing throughout the degradation (Figure 9B). It decreased to 80% of its original
value in the 5th week. The decrease implies that the number of crosslink points in the
polymer network reduced due to the breakdown. The loss in ve increased the compliance
of the polymer network, which reduced the stiffness of the adhesives.

3.7 Shear modulus (G) derived from ve

Figure 10. Shear modulus (G) derived from ve (n = 3).
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Figure 11. Storage modulus (G’) and shear modulus (G) during the degradation
(n = 3). G’ was obtained from rheology. G was derived from effective crosslinking
density (ve).
G decreased during the degradation (Figure 10). G was compared with the G’
from the rheology (Figure 11). When the degradation was initiated, the difference
between G and G’ was large. The breakdown of the crosslink points decreased the
elasticity of the polymer network. However, the non-crosslinked PEG stayed in the
polymer network because the mesh size was not large enough for the PEG to leave the
network and diffuse into the water. These PEG molecules did not contribute to the
elasticity of the polymer network and maintained the dry mass of the polymer. In the 4th
week, the mesh size of the polymer network become large enough for the PEG to diffuse
into the water, which resulted in the dry mass loss of the polymer. The dry mass loss
lowered the G derived from the mass data. The difference between the G and G’ become
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small. The G become more accurate in estimating the elasticity when those noncrosslinked PEG molecules left the polymer network.

3.8 Fourier-transform infrared (FTIR) spectroscopy

Figure 12. Fourier-transform infrared (FTIR) spectroscopy spectra of sensors
with and without the hydrogel coating.
According to the FTIR spectra results (Figure 12), ME sensors after spin-coating
exhibited PEG ether bonds (1103 cm-1, -C-O-C-), carbonyl group (1727 cm-1, ester
linkage), and alkyl group (2878 cm-1, -CH2-) peaks [17]. These peaks indicated the
deposition of PEG-GA-DM4 hydrogels on the ME sensor. ME sensors before spincoating only exhibited aromatic structures (3000, 2924 cm-1) from Parylene C [17].
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3.9 Sensor morphology

Figure 13. The cross-sectional view of a PEG-GA-DM4 hydrogel-coated ME
sensor under Field emission scanning electron microscope (FESEM).
The FESEM image (Figure 13) showed four layers of the coated sensor: an
adhesive (23.50 µm), a sensor body (30.68 µm) and two Parylene C coatings (9.58 µm,
10.05 µm). A former published paper claimed that they made hydrogel-coated ME
sensors that had 23.9 ± 4.4 µm-thick adhesives, 29.8 ± 0.25 µm-thick sensor bodies and
8.6 ± 2.3 µm-thick Parylene C coatings [32]. The coating thicknesses were close to their
results, and they were within our expected ranges. Delamination took place between the
ME sensor layers in the FESEM image. During the degradation, the coated sensor
maintained intact. No Parylene C or adhesives detached from the sensors. The
observation during the experiment indicates reliable adhesions among the layers. The
delamination under FESEM is due to the human artifacts when cutting the sensor.
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3.10 Resonance frequency and amplitude of ME sensors

Figure 14. Resonance frequency of the hydrogel-coated ME sensors (n = 7)
during degradation (resolution = 20 Hz, 2000 mV DC offset).
The sensors’ average resonance frequency was around 159 kHz at the beginning
and increased to about 160 kHz by the 6th week (Figure 14). The resonance frequency
had slight changes in the first 4 weeks. The resonance frequency started to increase in the
4th week. According to the dry mass data, the hydrogel lost 30% of its dry mass by the 5th
week. After applying the equation [39],

∆𝑓𝑓 = 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑓𝑓0 = −

∆𝑚𝑚
2𝑚𝑚𝑠𝑠

(equation 5)

where ∆f is the change of frequency, fload is the frequency with the hydrogel

coating, f0 is the frequency of the bare sensor. ∆m is the dry mass changes of the coating
(dry mass of the coatings = 0.0004 ± 0.0001 g), and ms is the mass of the ME sensor
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(0.0167 ± 0.0001 g). The experimental results showed a 1 kHz increase. Theoretically,
the resonance frequency should have a 1.4 kHz increase by the 5th week. The noise of
resonance frequency is large. Though spin-coating formed thin adhesive coatings on the
sensors, the adhesives on the sensors differed. The vibration of the ME sensor is sensitive
to various factors. Slight differences in the mass, elasticity, or surface morphology of the
adhesive can cause frequency shifts during the vibration, which caused large noise in the
frequency results. In data analysis, no significant changes in frequency took place during
the degradation (p > 0.05). In this experiment, the resonance frequency result is not
significant enough to imply the changes during the degradation of the adhesives.

Figure 15. Resonance amplitude of the hydrogel-coated ME sensors (n = 7)
during degradation (resolution = 20 Hz, 2000 mV DC offset).
Data analysis of the resonance amplitude results (Figure 15) suggests no
significant changes in the first 3 weeks (p > 0.05). In the 4th week, significant changes in
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resonance amplitude took place (p < 0.05). The reduction in resonance amplitude was
about 60% by the 6th week. The swelling increased the damping in the coated adhesive.
The damping lowered down the resonance amplitude of the vibration. The degradation
time of the sensors varied during the degradation. Some sensors degraded earlier than
other sensors. This variation caused the large errors in the 4th and 5th week.
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Discussions

Figure 16. Proposed schematic for PEG-GA-DM4 degradation. (A) PEG-GA-DM4
forms a polymer network by crosslinking at the PEG terminals. (B) Crosslink
points break down at the terminal of a PEG arm. (C) Loss of PEG in the polymer
network. (D) The increased water content in the polymer network due to the loss
of PEG. Mc is average molecular weight between crosslinks, ve is effective
crosslinking density, G’ is storage modulus, and tanδ is loss factor.
PEG-GA-DM4 was fully crosslinked into a polymer network by forming crosslink
points between two dopamine molecules with periodate (Figure 16A). The hydrolysis of
ester bonds disconnected the dopamine from the PEG chains, which caused the
breakdown of crosslink points. The reduction in crosslink points resulted in longer
polymer chains between the crosslink points. The increase in Mc is a result of such
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changes. Loss of crosslink points resulted in a less crosslinked polymer network (lower
ve). The density changes in the polymer network increased the compliance of the
polymer. The decreased G’ implies the reduced elasticity in the adhesive. The stiffness of
the adhesive decreased. In the first several weeks, breakdown of crosslink points took
place at the terminals of the PEG arms (Figure 16B). Because the mesh size of the
network was not large enough for the PEG molecules to leave the network, the noncrosslinked PEG molecules stayed in the network without contributing to the elasticity of
the network. No apparent dry mass changes occurred to the adhesive in this case. Starting
in the 4th week, the mesh size increased during the swelling. The non-crosslinked PEG
molecules left the network and diffused into water, which led to noticeable dry mass loss
(Figure 16C). The vacancy of the detached PEG was occupied by water molecules.
Increased wet mass indicates the swelling in the adhesive (Figure 16D), and the
increased tanδ implies that the adhesive was becoming more viscous during the
degradation.
The resonance amplitude results from ME sensor have correlations with the
damping and the dry mass of the bioadhesive. Before the 4th week, the dry mass loss in
the adhesive took place slowly because most PEG molecules were still in the polymer
network. The water content between the polymers in the network was low. The
mechanical impedance between the water and the polymers was small. The energy of
vibration can pass through the network directly (Figure 17A). Thus, the damping
(measured by tanδ) was not significant during this period. In this case, the ME resonance
amplitude did not have significant changes. In the 4th week, a number of PEG molecules
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diffused in to the water due to the loss of its crosslink points. Dry mass of the adhesive
started to decrease. In the polymer network, the vacancies due to the PEG loss were
occupied by the water molecules. Impedance increases when the material has components
with different mechanical properties. In the adhesive, the mechanical impedance
increased when more water molecules moved into the polymer network. When the energy
of vibration passed through the polymer network, a part of energy bounced back due to
the high impedance (Figure 17B). The energy was weakened after passing through the
network. The loss of energy reduced the amplitude of the vibration [20]. The frequency
changes fit in the expectation from the equation. However, the change in frequency is not
significant. The large noise during the frequency measurement was considerable.
Tracking resonance frequency is not a reliable solution in quantifying such slight mass
changes of the adhesives with these sensors [21].

Figure 17. (A) Energy passes through the polymer network when the water
content is low. (B) Loss of the energy when passing through the polymer network
due to the increased water content and the mismatch of mechanical property
between the polymer and the water.
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The decrease in G’ can be correlated with the reduction in ve as shown in Figure
6 and Figure 9B. Similarly, from Figure 7 and Figure 8B, the increase in tanδ can be
correlated with the changes in wet mass. Studying the dry mass and wet mass changes in
the bioadhesive can interpret the mechanical property changes of the bioadhesive. In ME
sensors, the reduction in resonance amplitude is due to the increased damping in the
coated sensor. The increased damping can be interpreted from the increased tanδ. From
Figure 8A and Figure 15, the resonance amplitude of ME sensors can be utilized in
studying the mechanical property changes of the bioadhesive.
To our knowledge, we are the first to track and correlate mass changes and
mechanical property changes in the degradation of branched PEG polymers with
hydrolyzable ester bonds at the terminals of PEG. Branched PEG polymer is a widely
studied topic in the biomedical field. Besides commercial bioadhesives, branched PEG
polymers with various terminals are designed into adhesives in labs. Thermo-responsive
bioadhesives with negative-thermo-swelling [40] and rapidly curing [41] features have
been invented. In order to enhance the mechanical properties of the bioadhesives, silica
nanoparticles [42] and alginates [43] have been added to the polymers. In tissue
engineering, hydrogels made from branched PEG polymers have been applied in
mimicking extracellular matrices [44]. Branched PEG polymers have been modified into
carriers for drug delivery purposes as well [45, 46]. This research indicates consistent
correlations between the mechanical properties and the degradation behavior of the
branched terminal-modified hydrolyzable PEG-based polymers. With the methods as
well as a proposed model demonstrated in this research, researchers can interpret the
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mechanical property of their research material with the dry mass and wet mass results
from the degradation.
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4 Conclusion
A 4-arm poly (ethylene glycol)-based degradable polymer PEG-GA-DM4 was
synthesized in the lab, and the degradation behavior of the crosslinked PEG-GA-DM4
bioadhesive was studied with mass tracking, oscillatory rheology, and magnetoelastic
sensors. The results show strong correlations between both dry mass and wet mass
changes, mechanical properties, and magnetoelastic (ME) resonance. The breakdown of
crosslink points during the degradation detached PEG from the polymer network, which
resulted in the loss of dry mass, increased wet mass, reduced storage modulus and more
damping in the bioadhesive. The adhesive can lose its mechanical strength during the
degradation without exhibiting the dry mass loss. Studying the mass changes during the
degradation is not adequate to understand the degradation behavior completely.
Moreover, the non-crosslinked PEG molecules in the polymer network can result in a
larger shear modulus when estimating the elasticity of the adhesive. The elasticity can be
estimated with G more accurately when the PEG molecules leaves the polymer network.
The resonance amplitude of the bioadhesive-coated ME sensors can be utilized in the
determination of mechanical properties during the degradation.
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